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Reduced Biaxial Contractility in
the Descending Thoracic Aorta
of Fibulin-5 Deficient Mice
The precise role of smooth muscle cell contractility in elastic arteries remains unclear,
but accumulating evidence suggests that smooth muscle dysfunction plays an important
role in the development of thoracic aortic aneurysms and dissections (TAADs). Given the
increasing availability of mouse models of these conditions, there is a special opportunity
to study roles of contractility ex vivo in intact vessels subjected to different mechanical
loads. In parallel, of course, there is a similar need to study smooth muscle contractility
in models that do not predispose to TAADs, particularly in cases where disease might be
expected. Multiple mouse models having compromised glycoproteins that normally asso-
ciate with elastin to form medial elastic fibers present with TAADs, yet those with fibulin-
5 deficiency do not. In this paper, we show that deletion of the fibulin-5 gene results in a
significantly diminished contractility of the thoracic aorta in response to potassium load-
ing despite otherwise preserved characteristic active behaviors, including axial force
generation and rates of contraction and relaxation. Interestingly, this diminished
response manifests around an altered passive state that is defined primarily by a reduced
in vivo axial stretch. Given this significant coupling between passive and active proper-
ties, a lack of significant changes in passive material stiffness may help to offset the
diminished contractility and thereby protect the wall from detrimental mechanosensing
and its sequelae. [DOI: 10.1115/1.4032938]
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Introduction

Fibulin-5 is an elastin-associated glycoprotein that is funda-
mental to elastogenesis in elastic arteries. The gross vascular phe-
notype exhibited by mice with a germline deletion of the Fbln5
gene includes elongated and tortuous elastic arteries [1]. Detailed
studies of passive aortic properties in both young [2] and mature
[3] Fbln5�/� mice reveal further that the structural, but not mate-
rial, stiffness is elevated in these mice, with altered wall mechan-
ics manifesting similarly across different thoracic and abdominal
regions independent of sex. Interestingly, Fbln5�/� mice do not
develop TAADs, even under induced hypertension (unpublished
results), while other mouse models of compromised elastin-
associated glycoproteins often present with dramatic thoracic
lesions [4,5]. Given that decreased expression of fibulin-5 has
been reported to associate with thoracic aortic dissections in rare
cases in humans [6], determining why Fbln5�/� mice do not
develop these potentially lethal conditions could motivate new
hypotheses on the development of TAADs.

It has recently been suggested that the constellation of genetic
mutations that predispose to TAADs implicates a dysfunctional
mechanosensing and mechanoregulation of extracellular matrix
by intramural cells, especially smooth muscle cells (SMCs) [7].
These cellular functions depend on actomyosin interactions and
downstream signaling pathways that overlap with those involved
in vessel level vasoactivity [8,9]. There is a strong motivation,
therefore, to study SMC contractility in mouse models of TAADs
as well as those that unexpectedly do not lead to these lesions. In
this paper, we present the first detailed study of the biaxial (cir-
cumferential and axial) contractility of the thoracic aorta in the
Fbln5�/� mouse model. These results are compared with those for
littermate Fbln5þ/þ control aortas.

Methods

Specimen Preparation. All animal protocols were approved
by the Institutional Animal Care and Use Committee of Yale Uni-
versity. Male mice at 22 weeks of age were divided into two
groups: control (Fbln5þ/þ) and fibulin-5 deficient (Fbln5�/�) that
were obtained by breeding heterozygous (Fbln5þ/�) pairs that
were generated on a mixed C57BL/6� 129/SvEv background [1].
Following euthanasia induced by an intraperitoneal injection of
Beuthanasia-D (150 mg/kg), the descending thoracic aorta (DTA)
was harvested from the left-subclavian artery to the fifth pair of
intercostal branches. The excised aortic segments were prepared
immediately for biomechanical testing as described previously
[10]. Briefly, following gentle removal of perivascular tissue, the
specimens were cannulated on custom glass micropipettes, proxi-
mally near the first pair of intercostal branches and distally just
after the fourth pair of intercostal branches, then secured with
proximal and distal ligatures, and placed in an organ bath contain-
ing a Krebs-Ringer bicarbonate buffered solution at 37 �C that
was bubbled with 95% O2 and 5% CO2 to maintain a pH of 7.4.

Testing System and Protocols. The cannulated specimens
were subjected to multiple levels of static biaxial loading using a
custom computer-controlled testing system [11]. Whereas the
original system allows online measurement of outer diameter, dis-
tending pressure, and changes in axial length and force, an optical
coherence tomography (OCT) system (Callisto model, Thorlabs,
Newton, NJ) was added to measure wall thickness (with axial
(depth) resolution of <7 lm and lateral resolution of 8 lm) at
multiple times during testing, typically 0, 5, 10, and 15 min after
inducing SMC contraction. Wall thickness and outer diameter
were measured within the central region of the specimen, between
the second and third pair of intercostal branches. Axial force and
luminal pressure were measured with standard transducers and
yielded values relevant to the central region.
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To ensure vessel viability and to precondition the activated
smooth muscle at low loads, initial contractions were induced by
increasing the potassium chloride (KCl) to 80 mM in the bathing
solution with the distending pressure set at 40, then 60, mmHg at
axial stretches of 1.10, then 1.20, relative to the unloaded resting
length. Axial stretch was increased in increments of 0.02 and pres-
sure was increased in increments of 5 mmHg, both to avoid any
sudden large deformations in the contracted specimens. Following
this preconditioning, the specimens were then contracted for
15 min at nine different combinations of constant pressure and
axial stretch: the three pressures were 70, 90, and 110 mmHg
whereas the three axial stretches depended on genotype, namely,
kz ¼ 1:40� 1.45, 1.50, and 1.60 for Fbln5þ/þ or kz ¼ 1.25, 1.30,
and 1.35 for Fbln5�/�. Motivation for these values of axial stretch
is discussed further below, but was based largely on reported val-
ues of preferred passive axial stretches for the DTAs of 1.50 for
Fbln5þ/þ mice and 1.39 for Fbln5�/� mice [3]. The specimens
were contracted at each of these nine combinations of pressure
and axial stretch via a protocol that consisted of three steps: (1)
equilibrate the specimen at the prescribed pressure and axial
stretch for 5 min in the normal Krebs-Ringer solution, (2) contract
the specimen by increasing the KCl to 80 mM for 15 min, and (3)
relax the specimen by washing out the bath with normal Krebs-
Ringer solution for 10 min. Pilot studies revealed that the order of
loading did not affect the results. Unloaded values of wall thick-
ness were acquired using a dissecting microscope on specimens
imaged outside the testing chamber; loaded values of thickness
were obtained online with the OCT device, with reported values
calibrated based on measurements of unloaded thickness using
both the higher accuracy microscope and the OCT device.

Data Analysis. Pressure–diameter–thickness and axial
force–length data were reported in terms of mean (i.e., transmur-
ally averaged) stress and stretch. The former represent well the
actual stress field in homeostatic arteries because residual stresses
tend to homogenize the transmural gradient; the latter comple-
ment well the values of stress used in the analysis. The mean val-
ues of the in-plane Cauchy stresses were thus calculated as

r# ¼
P ao � hð Þ

h
; rz ¼

fT þ Pp ao � hð Þ2

p aoð Þ2 � ao � hð Þ2
� �

where ao is the deformed outer radius (with diameter do ¼ 2ao), h
is the deformed wall thickness, fT is the axial force measured by
the force transducer, and P is the distending (luminal) pressure.
Associated mean values of wall stretch were calculated as

k# ¼
do þ do � 2hð Þ

Do þ Do � 2Hð Þ ; kz ¼
l

L

where Do is the unloaded outer diameter, H is the undeformed
wall thickness, and l and L are the loaded and unloaded axial
lengths, respectively.

All data are presented as mean 6 standard error of the mean.
Two-sample (unpaired) t-tests were used and p < 0:05 was con-
sidered significant.

Results

Unloaded passive dimensions of the DTA were similar between
the two groups, with n¼ 5 (mice) per group. Unloaded outer
diameter (Do) was 818610 lm for the Fbln5þ/þ group and
838619 lm for the Fbln5�/� group; unloaded wall thickness was
10265 lm for the Fbln5þ/þ group and 11262 lm for the
Fbln5�/� group; and excised length was 5:160:1 mm for the
Fbln5þ/þ group and 4:560:2 mm for the Fbln5�/� group. Expo-
sure of mounted, pressurized, and axially stretched specimens to

80 mM Kþ resulted in marked (visible) contractions in both geno-
types, but especially in the control mice (Fig. 1).

Contraction-induced changes in outer diameter, axial force, and
wall thickness differed quantitatively, but not qualitatively,
between the two groups. Illustrative time-course results for both
groups studied at 90 mmHg and the three different genotype-
specific values of axial stretch are shown in Fig. 2 (Fbln5þ/þ on
the left and Fbln5�/� on the right). Isobaric contractility, as evi-
denced by the time-dependent decrease in outer diameter upon
exposure to high Kþ, was markedly diminished in fibulin-5 defi-
cient vessels at all axial stretches (Fig. 2, top panels). The associ-
ated rates at which outer diameter decreased during isobaric
contraction and increased upon washout of the Kþ were quantified
well by fitting individual segments of the time-course data with a
three-parameter exponential function at each axial stretch:
doðtÞ ¼ d~

oe�t=s þ d1. Comparison of best-fit values of the time
constants s revealed no significant differences between the two
groups during either contraction or relaxation at 90 mmHg (data
not shown). Overall recovery of baseline diameter following
washout was nevertheless better in control than Fbln5�/� vessels
(Fig. 2, top panels), which did not return completely to a baseline
diameter.

We found, for the first time, that the transducer-measured con-
tribution to axial force in Fbln5þ/þ control DTAs tended to
increase, remain nearly the same, or decrease when the vessels
were contracted at fixed values of axial stretch that were increased
from below to above the passive preferred in vivo value (Fig. 2,
middle panels). Indeed, constancy of force during isobaric con-
traction occurred at a value of axial stretch just above the pre-
ferred passive value in these vessels. This observation suggests
that there may exist a “preferred active” value of axial stretch that
is favorable mechanically during contraction. A similar, but much
diminished, response was seen in the Fbln5�/� vessels. Finally,
OCT measurements confirmed near isochoric motions via wall
thickening during isobaric, axially isometric contractions (Fig. 2,

Fig. 1 Illustrative images captured with the video microscope
of a Fbln51/1 descending thoracic aorta (DTA) loaded at
90 mmHg and an axial stretch of kz 5 1:5 both before (top) and
after (bottom) 15 min of exposure to 80 mM KCl. Similar, though
diminished, responses were observed in Fbln52/2 specimens.
The vertical line shows the region where outer diameter and
wall thickness were measured; the horizontal dashed lines in
the bottom image represent the outer diameter before exposure
to high KCl. Note the ligated intercostal branches as well as the
glass cannulae and ligatures used to secure the sample.
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bottom panels). Wall thickening was, therefore, much less in the
Fbln5�/� vessels in parallel with the diminished decrease in
diameter.

Maximal changes, similar to those in Fig. 2 but for all nine con-
ditions (three distending pressures at three different fixed axial
stretches), are summarized in Fig. 3 for both groups (n¼ 5 each).
For convenience, results are shown as changes from the baseline
outer diameter (Ddo—in microns) and transducer-measured axial
force (DfT—in millinewtons) after 15 min of contraction with
80 mM KCl (e.g., dark dashed arrows in Fig. 2). Because the
fibulin-5 deficient vessels were tested at lower axial stretches,
the associated data appear to the left (dashed lines) of the data for
the control vessels (solid lines) in Fig. 3. Plotted in this way, it is
evident that the reduced isobaric contractility observed in Fig. 2
for the Fbln5�/� DTAs, here indicated by Ddo, existed at all axial
stretches at both 70 and 90 mmHg (Fig. 3, top panel). Interestingly,

contractility was similarly modest for the two groups at 110 mmHg
in terms of both diameter change and axial force generation.

Plotting the change in axial force relative to baseline, that is,
DfT, versus the isometric axial stretch after 15 min of isobaric con-
traction for all nine states confirmed (Fig. 3, bottom panel) a
genotype-specific “active in vivo axial stretch” (kaiv

z ), which
appears to be mechanically favorable. That is, there was no
change in axial force upon contraction at this value of axial stretch
independent of the level of constant pressure. By fitting a second-
order polynomial function to the DfT � kz behavior for each fixed
value of pressure, interpolated values (i.e., roots) were kaiv

z ¼
1:5660:01 for Fbln5þ/þ mice and kaiv

z ¼ 1:3160:01 for Fbln5�/�

mice. Interestingly, the change in outer diameter at the genotype-
specific values of kaiv

z was yet reduced significantly in Fbln5�/�

vessels at 70 and 90 mmHg compared with Fbln5þ/þ vessels
when using the same interpolation approach for the Ddo � kz data

Fig. 2 Illustrative time courses of change in outer diameter measured with the video micro-
scope (do—top panels), axial force measured by the force transducer (fT—middle panels), and
wall thickness measured with the OCT (h—bottom panels), all when contracted with 80 mM KCl
at 90 mmHg for Fbln51/1 (left) and Fbln52/2 (right) DTAs at genotype-specific values of axial
stretch: kz 5 1:40; 1:50; and 1:60 for Fbln51/1 and kz 5 1:25; 1:30; and 1:35 for Fbln52/2. Recall
that contraction was maintained at each condition for �15 min prior to a wash-out with normal
Krebs solution. The vertical dashed lines delineate changes in the different fixed values of axial
stretch; the dark dashed arrows illustrate, for a single case, the magnitude and direction of
contraction-induced changes in outer diameter and axial force that are considered in Fig. 3.
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(Table 1). This overall finding confirms the illustrative result in
Fig. 2 of a diminished change in outer diameter during contraction
in fibulin-5 deficiency.

Only small differences were observed between Fbln5þ/þ and
Fbln5�/� DTAs in the mean circumferential Cauchy stress, in
both contracted and relaxed states, when computed at the same
pressures but genotype-specific axial stretches. Toward this end,
recall that the imposed changes in axial stretch were purposely
prescribed to be modest, less than 7% from the intermediate value,
to avoid possible damage to the SMCs, especially due to over-
stretching. The primary change in biaxial stress during isobaric,
axially isometric contraction was a decrease in the mean circum-
ferential stress due to a decrease in circumferential stretch, which
was consistent in both groups. Only a slightly stiffer behavior was

observed via the passive circumferential Cauchy stress (rpas
# )—

stretch (kpas
# ) relationship in the Fbln5�/� group over the pressure

range considered, and total (i.e., contracted) circumferential
Cauchy stress (rtot

# )—stretch (ktot
# ) relationships were similar for

the two groups. Contraction-induced changes in circumferential
stress (Dr#) and stretch (Dk#), calculated by subtracting from the
total stress and stretch (rtot

# , ktot
# ) the corresponding passive values

(rpas
# , kpas

# ), were significantly different in the two groups, however
(Fig. 4), again reflecting diminished active changes with fibulin-5
deficiency.

Only small changes were observed in axial Cauchy stress due
to contraction (Drz), consistent with a prior study that used a dif-
ferent method of loading during contraction [12]. The total axial
stress (rtot

z ), at genotype-specific values of kaiv
z , was significantly

lower in the Fbln5�/� group, however (Table 2).

Discussion

Far greater attention is traditionally given to passive properties
when studying the mechanics of elastic arteries [3,13], yet a com-
plete understanding of arterial function also requires information
on effects of SMC contractility. In most cases when contractility
is studied, data are collected using either a ring or a pressure myo-
graph. In the former, an arterial ring is contracted while held at
different fixed uniaxial extensions; in the latter, a cylindrical seg-
ment is maintained at its presumed in vivo length and contracted
at different fixed pressures. Ring tests do not maintain or measure
axial extensions or associated forces and thus do not reflect
in vivo conditions. Simple pressurization tests replicate in vivo
loading conditions, but typically do not provide data on possible
changes in axial force due to SMC contraction. Given the impor-
tance of biaxial mechanical properties in general [13], there is a
need to study effects of contractility on both circumferential and
axial behaviors, including biaxial stresses [14].

One of the primary findings of this study is that axial force is
not only generated during isobaric, axially isometric contractions
of the normal murine descending thoracic aorta, and its value
increases, remains nearly the same, or decreases with contraction
depending on the particular value of fixed axial stretch independ-
ent of the change in outer diameter. That is, the present results
suggest that there is a preferred value of axial stretch at which
(transducer measured) the axial force does not change with con-
traction, nearly independent of the level of pressure over the mod-
est range studied herein. Existence of a preferred value of “active
in vivo stretch” is reminiscent of the long known existence under
passive conditions of a unique value of axial stretch at which
(transducer measured) the axial force does not change with pres-
surization [15]. As noted by Dobrin et al. [16], and confirmed by
many others since, such a value of axial stretch appears to be ener-
getically favorable for there is no need for the vessel to perform
mechanical work axially to maintain its length during normal
excursions of pressure over a cardiac cycle. Importantly, the pre-
ferred value of axial stretch, measured under passive conditions,
appears to change with adaptations to hemodynamic loads and
genetic mutations, and thus can be a good indicator of vessel
functionality [17]. The preferred value of axial stretch observed
herein in control vessels under active conditions (1.56) was
slightly higher than that measured under passive conditions (1.50;
see Ref. [3]), which is consistent with a previous anecdotal
observation [18].

Fig. 3 Changes, relative to genotype-specific baseline values,
in outer diameter (Ddo—top) and axial force (DfT—bottom) after
15 min of high K1 contraction at 70 (circle), 90 (triangle), and
110 (square) mmHg and different values of axial stretch:
kz 5 1:25; 1:30; and 1:35 for Fbln52/2 (dashed line) and
kz 5 1:4021:45; 1:50; and 1:60 for Fbln51/1 mice (solid line)

Table 1 Values of the active in vivo axial stretch kaiv
z and associated interpolated values for contraction-induced changes in outer

diameter Ddo at kaiv
z for Fbln51/1 and Fbln52/2 DTAs at 70, 90, and 110 mmHg

kaiv
z Ddo (lm) 70 mmHg Ddo (lm) 90 mmHg Ddo (lm) 110 mmHg

Fbln5þ/þ 156 6 0.01 �254 6 5 201 6 12 67 6 13
Fbln5�/� 131 6 0.01a 170 6 18a 97 6 17a 66 6 15

ap < 0:05 between Fbln5þ/þ and Fbln5�/�.
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A second major finding is that fibulin-5 deficiency results in a
reduced value of the preferred active in vivo stretch (hence, the
reason why the two groups were tested at different axial stretches)
as well as significantly diminished contractile responses at iso-
baric pressures of 70 and 90 mmHg. Nevertheless, some of the
general characteristic behaviors of biaxial contractility, including
the time course of contraction and relaxation, appeared similar
between the Fbln5þ/þ and Fbln5�/� groups. The active in vivo
axial stretches in Fbln5þ/þ (1:56) and Fbln5�/� (1:31) groups
were also comparable to the correspondingly different values of
in vivo axial stretch in the passive state (kiv

z ¼ 1:50 in Fbln5þ/þ

and kiv
z ¼ 1:39 in Fbln5�/�; see Ref. [3]); this finding suggests

that passive properties may help to organize active properties.
However, the kaiv

z > kiv
z in the Fbln5þ/þ vessels resulted in an

increase in axial force (DfT > 0) when contracted at kiv
z , which

implies an attempt to retract axially. Conversely, the kaiv
z < kiv

z in
the Fbln5�/� vessels resulted in a decrease in axial force
(DfT < 0) when contracted at the passive value, which implies an
attempt to expand axially. Different relationships between the pas-
sive in vivo axial stretch kiv

z and active in vivo axial stretch kaiv
z

may reflect differential interactions between the extracellular
matrix and SMC, which are mediated by multiple constituents
including elastic fibers [7]. Alternatively, these differences may
relate to differences in wall thickness in the two groups and the
ability of contraction to thicken the wall further since the observed
near incompressibility couples changes in diameter, length,
and thickness. The present macroscopic data do not permit any
mechanistic interpretation, however.

Although the degree of contractility, as measured by a change
in outer diameter during isobaric, axially isometric contraction,
was significantly diminished in the Fbln5�/� vessels compared
with the Fbln5þ/þ vessels at 70 and 90 mmHg, differences were
much less at 110 mmHg. It is not clear why the behaviors were
similarly modest at the higher pressure, but we emphasize that the
prescribed values of pressure were transmural (due to the in vitro
setup). In vivo values of transmural pressures are necessarily less
than intraluminal pressures because of constraining effects of peri-
vascular tissues [19]. Our focus on the range 70–90 should thus be
relevant to normal in vivo transmural pressures where mean lumi-
nal pressures are often �93 mmHg. Interestingly, vessels from
Fbln5þ/þ mice displayed an optimal ability to reduce outer diame-
ter via contraction at a transmural pressure near 90 mmHg; this
optimal ability was not observed in Fbln5�/� specimens. The
measured contractility also depended on the applied axial stretch.
Contraction-induced changes in outer and inner diameters (using
the wall thickness data) decreased significantly (p < 0:05) in ves-
sels from Fbln5þ/þ mice contracted at 90 versus 110 mmHg over
the range of axial stretches from 1:4 to 1:6. A similar trend was
reported in carotid arteries contracted with 90 mM KCl at axial
stretches from 1:4 to 1:8 [20], where the in vivo axial stretch in
the passive state has been reported to be 1:72 [10]. A better
understanding of circumferential–axial coupling in stretch-
dependent contractility will likely require a theoretical analysis,
however.

The findings illustrated in Fig. 2 suggest that the contractile
dysfunction in the Fbln5�/� group relates mainly to the magni-
tude, not the rate, of contraction. Such findings could be related to
the number of SMCs or the ability of the SMCs to transmit force
to the surrounding extracellular matrix. The latter possibility is
consistent with a possible decrease in connections through the
elastic fibers in the Fbln5�/� mice, particularly in the outer media
where mutation tends to affect the fibers [1,3]. Our measurements
do not allow us to delineate radially dependent effects. Prior stud-
ies of the microstructural composition of the aortic wall did not
indicate any significant change in smooth muscle area fraction in
Fbln5-/- DTAs [3], but a more detailed assessment of potential dif-
ferences in smooth muscle markers (e.g., SM a-actin, calponin,
SM myosin heavy chain, and caldesmon) between Fbln5þ/þ and
Fbln5�/� aortas would obviously provide additional insight into
the dysfunction observed at the vessel level.

Fig. 4 Circumferential (top and middle) and axial (bottom)
Cauchy stress–stretch relationships for both the contracted
(black circle) and relaxed (gray square) states for Fbln51/1

(solid symbols) and Fbln52/2 (open symbols) groups and at the
studied pressures and axial stretches. The direction of changes
in Cauchy stresses (Dr#;Drz) and stretch (Dk#) due to isobaric
and axially isometric contraction are marked with black arrows.

Journal of Biomechanical Engineering MAY 2016, Vol. 138 / 051008-5



Male mice were used in this study. Vessel-level contractile
responses, due to depolarization by KCl, of thoracic aortic rings
from C57BL/6 mice previously revealed similar responses
between male and female mice [21], and is consistent with our
previous findings of similar passive properties in male and female
control and fibulin-5 deficient mice [3].

Whereas vessel-level contractility is fundamental to flow regu-
lation by muscular arteries and arterioles, it is not clear what role
contractility plays in elastic arteries whose primary mechanical
function is to store and use elastic energy to augment blood flow.
Indeed, it seems that aortic SMCs may be responsible primarily
for sensing and regulating the extracellular matrix of the media to
ensure appropriate compliance, not contractility. Nevertheless,
contraction of circumferentially oriented SMCs could contribute
to the mechanical integrity or stability of the vessel wall [22].
Indeed, the simple analysis of mean wall stresses presented herein
confirms prior computational simulations [23] that vascular SMC
contraction can reduce biaxial stresses at a fixed pressure and
axial stretch, mainly by increasing the wall thickness and reducing
the luminal diameter, which in turn reduces circumferential
stretch (Fig. 4). This finding was consistent in both genotypes.
Hence, despite the reduced contractility in the Fbln5�/� DTAs, a
potentially protective function of reducing circumferential stress
by contraction was maintained. Indeed, the magnitude of the total
circumferential stress and stretch was similar in both groups in the
contracted state despite the contractile range being significantly
lower in the Fbln5�/� group compared with the Fbln5þ/þ group.
This finding suggests a cooperative relationship between active
and passive properties in the wall, with the degree of axial stretch
being fundamental to all aspects of the wall mechanics. This find-
ing may also imply a relationship between vessel-level contractil-
ity and wall thickness. The reduced ability of the Fbln5�/� aorta
to increase its wall thickness through contraction (Fig. 2) may
have been compensated by an increased overall passive wall
thickness [3].

Notwithstanding the importance of the biaxial mechanics of
contractility, there have been but a few prior experimental studies
(e.g., Refs. [14,24]) and only one careful study in the mouse aorta.
Agianniotis et al. [12] reported standard cyclic pressure–diameter
testing, at multiple values of fixed axial stretch, of an unspecified
region of the thoracic aorta in C57BL/6 wild-type mice. Their pri-
mary finding was that the contracted artery develops a nonmono-
tonic active axial stress—axial stretch response that is virtually
independent of the value of pressure. This Frank–Starling-like
response suggests that there is a value of axial stretch at which the
vessel can generate a maximum value of axial stress. Interest-
ingly, this maximum occurred at an axial stretch that was slightly
higher than the preferred value of axial stretch measured under
passive conditions. Our results for the control mice are similar to
theirs. Yet, differences between the two studies include their use
of a different strain of mouse (a pure C57BL/6), the vasoconstric-
tor phenylephrine to contract the vessels, continuous pressure
loading (from 0 to 150 mmHg) of contracted vessels (similar to
Ref. [14], who otherwise used lower values of maximum pres-
sures), and larger values of axial stretch. Their values of axial
stretch are closer to those we reported previously for the ascend-
ing thoracic aorta [3], but it is not clear whether they tested the

ascending or descending segment. Whereas continuous pressure
loading experiments are clearly useful, particularly from the per-
spective of traditional biomechanical constitutive modeling, we
preferred isobaric, axially isometric loading herein for two rea-
sons. First, unlike the heart, arteries do not experience a full
range of pressures from zero to physiologic; hence, isobaric
pressures within the range 70–110 mmHg modeled better the
mean pressures that are experienced in vivo. Second, from the
perspective of thermomechanics, it is useful to maintain con-
stant all state variables but one during experimentation [25].
Since the state of SMC contractility changed during Kþ loading
as the ions diffused into the wall and generated a time course of
changes in diameter and axial force (cf. Fig. 2), we maintained
constant both pressure and axial stretch at multiple combina-
tions. Albeit beyond the scope of the current paper, such data
should prove useful in modeling SMC contractility within the
framework of a chemomechanical model (cf. Refs. [26–28]).
Indeed, given the current findings of differential biomechanical
responses of smooth muscle in control and fibulin-5 deficient
mice, a more detailed pharmacological and biological study is
now warranted.

In particular, it is not known whether changes in the mechanical
properties of the extracellular matrix trigger adaptations in vascu-
lar SMC contractility, or vice versa. Prior data suggest that pas-
sive material stiffness is not different due to fibulin-5 deficiency
[3]; yet, we found a diminished contractility in the Fbln5�/� aor-
tas. Hence, although the present data suggest that there is a strong
relationship between passive and active axial behaviors in the nor-
mal and mutant vessels, the coupled biaxial nature of these rela-
tionships is clearly complex. Again, further insight will likely
require a detailed chemomechanical model of the vessel. One hy-
pothesis that should be tested is a potentially protective role of
maintaining passive material stiffness in the face of diminished
vessel-level contractility.

In summary, the present data suggest that there is a value of
axial stretch at which contraction-induced changes in diameter
do not elicit any change in axial force. This preferred value of
axial stretch is comparable to previously measured values in the
passive state, but slightly higher in normal vessels. Preliminary
results suggested that this “active in vivo stretch” did not change
as a function of the degree of actomyosin activity (e.g.,
calcium-dependent activation of smooth muscle myosin). Indeed,
the significantly reduced value of this stretch in fibulin-5 defi-
ciency was likely part of an overall adaptive process that simi-
larly reduced the passive in vivo stretch, which in turn appeared
to preserve the passive material stiffness [3]. The present data
show further that fibulin-5 deficiency results in a markedly
diminished contractile response, particularly at pressures within
the expected physiologic range of transmural pressures,
70–90 mmHg. Given that reduced contractility is thought to play
a role in TAADs [7,29], and yet Fbln5�/� mice that exhibit a
severe aortic elastopathy do not develop these lesions [1,3],
there is a pressing need for similar studies in mouse models that
predispose to aneurysms or dissections to try, via comparative
studies, to elucidate specific mechanisms by which altered
contractility may play a role in these potentially lethal condi-
tions [30].

Table 2 Interpolated values of the total (contracted) circumferential stretch and biaxial Cauchy stresses based on data collected
at 90 mmHg at kaiv

z for Fbln51/1 and Fbln52/2 DTAs. No significant difference in circumferential stress and stretch was found
between the two groups though there was a significant difference in activation-induced change in stress during SMC contraction.
The total axial stress was significantly different between the two groups while changes during contraction were small.

ktot
# Dk# rtot

# (kPa) Dr# (kPa) rtot
z (kPa) Drz (kPa)

Fbln5þ/þ 1.33 6 0.04 � 0.29 6 0.02 106.4 6 11.04 �33.8 6 5.3 123.7 6 8.1 �9.2 6 3.7
Fbln5�/� 1.28 6 0.04 � 0.14 6 0.02a 89.4 6 9.4 �12.1 6 2.8a 41.0 6 15.0a �6.1 6 2.0

ap < 0:05 between Fbln5þ/þ and Fbln5�/�.
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